
extensometer clamped onto the flanges of the specimens . A f t e r  the creep

had proceeded well into the steady—state regimes , creep tests were dis—

continued and specimens cooled under load to minimize recovery of the

deformation structures. Thin foils for TEM examination were prepared from

crept specimens utilizing standard procedures~
9

RESULTS AND DISCUSSION

Microstructures of the Heat—Treated Intermetall ics

The micr ostruc tures of the extruded and subsequently hea t—trea ted  Ti
3Al

and Tj
3A1 + 10 Nb are shown in the light micrographs of Fig. 22 (a) and (b) ,

respectively.  For Ti 3Al the heat treatment produced a nearly equiaxed grain

structure (average grain size — 100 ~im) with some jagged grain boundaries.

For Tj
3
A1 + 10 Nb the microstructure consisted of highly irregular (i.e.,

nonequiaxed) grains having very jagged boundaries . Also in Ti
3
Al + 10 Nb

the average grai n size was smaller (— 60 lim) than that in Ti
3
A1. It appears

tha t Nb addi tions in T1
3
A1 re tard the d i f f usive processes required for

recrystallization and grain growth. Polished specimens of both intermetallics

were scanned in the electron microprobe over distances up to 1 mm; the

characteristic x— ray intensities corresponding to Ti, Al , and Nb did not

exhibi t  compositional heterogeneities . TEM bright—field and selected—area—

diffraction examination of thin foils revealed the presence of only the ordered

ct2—phase in both the Ti3
Al and Ti

3
A1 + 10 Nb. In Ti

3
Al the grains con tained

a very low density of dislocations and were uniformly recovered . In T1
3A1

+ 10 Nb , however , while some of the grains were observed to be nearly fu l ly

recovered , most of them consisted of aligned rather thin long subgrains. Most
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of the subboundaries were simple tilt boundaries containing a—type

dislocations ; however , some consisted of a—type dislocation networks . The

long—subgrain morphology is though t to be the result of partial annealing

of the mar tens i t i c  s t ruc tu re  that for med during cooling in Ti
3
A1 + 10 Nb

a f t e r  the extrusion process.35 
The mar tensi t ic  t ransformat ion  is related

to the s tabil izat ion of a high—temperature bcc 3—phase due to the addition

of Nb in Ti
3
Al; in Ti

3
A1 without Nb the furnace cooling is not sufficiently

fas t  to produce a martensi t ic  t ransformation.35

Creep Curves

Figure 23 is an example of the type of creep exhibited by the inter—

metallics. At all stresses and temperatures utilized , the creep curves

exhibi ted primary regimes followed by steady—state creep. In the stress—

change experimen ts in which the stress was increased af ter the es tablishmen t

of the steady—state creep regime, further creep was again exhibited . These

observations indicated that in the intermetallics used in this investigation ,

the creep deformation proceeds by the continued formation of a more creep—

resistant substructure during the primary stage and by stabilization of

thi s structure by some recovery process(es) during the s teady—state  stage .

For the same stress values , the measured steady—state creep rates were

found to be about the same in both the single—stress and the stress—change

experiments . This indicated that the s teady—state  creep was not sensitive

to the differences in the prior deformation structure.

Temperature Dependence of Steady—State Creep Rate

Ti
~~i. Steady—state creep rates, 

~~~~~
, were obtained by calculating the

slopes of the secondary regimes of the types of creep curves shown in Fig. 23.
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For T1
3
A1 

~~ 
is plotted in Fig. 24 as a func t ion  of the reciprocal of the

absol ute tempera ture , l/T , for four stress values——138, 172.4, 207 , and

241 MN/m2 (20 , 25 , 30 , and 35 ksi). The data were represented by parallel

straight lines indicating that the rate—controlling thermal—activation

process is independen t of stress level. From the least—squares slopes of

these lines, an average value of 2.23 x l0~ J/mole (54 kcal/mole) was

ob tained for 
~a’ 

the apparent activation energy of creep.

Ti
3
Al + 10 Nb. Figure 25 is an Arrhenius plot showing the temperature

dependence of for  Ti
3
A1 + 10 Nb for two stress values——3l2 and 138 MN/m2

(45 and 20 ksi). The data corresponding to the 312 MN/rn2 stress could be

represented by two straight lines having different slopes . Above — 650°C

the straight line had a larger slope ; from a least—square calculation , an

apparent activation energy, Q ,  of — 3.1 x l0~ J/rnole (75 kcal/mole) was

obtained. Below — 650°C, the straight line had a smaller slope yielding

= — 1.9 x lO~ J/mole (45 kcal/niole). For a stress value of 138 MN/rn2,

the creep runs were made only in the 700—825°C range , the creep strains

being extremely small below 700°C because of the low stress utilized. The

data could be represented by a straigh t line which was very nearly parallel

to the straight line for 312 MN/rn2 creep runs above - 650 °C. Thus, above

— 650 °C, Q appears to be independent of stress. Below 650°C, a lower—

activation—energy creep mechanism appears to be rate controlling .

Stress Dependence of Steady—State Creep Rates

Ti
~~i. In Fig. 26, values of i~ for  Ti

3
Al are plotted as a function of

ln (OlE) for temperatures varying from 650 to 800°C. The temperature

dependence of Young’s modulus has been reported for Ti
3
A1 and Ti

3
A1 + 10 Nb
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over the temperature range 2 5— 94 0 °C.
40 The f a c t  tha t  the creep data could

be represented by straight lines indicates a power—law stress dependence

of ~ . The data corresponding to 750 and 800 °C could not  be represented

by single straight lines. At stresses below 138 MN/m
2
, the data fit straight

lines having a smaller slope than that for the higher stresses. This is

taken as an indication of a change in the creep mechanism at these low

stresses.

Ti
3
A1 + 10 Nb. In Fig . 27 , values of E for  Ti

3A1 + 10 Nb are p lotted

as a function of ln (o/E) for 600, 700 , and 800°C. From the figure it can

be seen that above a stress level of — 172.5 MN/rn
2 
(25 ksi), the data for

all temperatures could be represented by nearly parallel straigh t lines ,

indicating the power—law stress dependence of 
~~~~

. Below a stress level of

172.5 MN/rn2, the straight lines had a smaller slope fo!- both 800 and 700°C,

indicatin g a change in mechanism. This behavior is similar to tha t  observed

in Ti
3Al except for the fac t  that  in Ti

3
A1, the change occ urs a t  a s tress

2level of — 138 MN/rn -

The change in mechanism indicated by the data in Figs. 26 and 27 can be

be tter repres en ted by plo tt ing ~ vs (o/E) on a temperature—compensated basis.

A correc tion in the value of 
~~ 

is req uired before tempera ture compensa tion

can be attempted. The physical basis for this correction lies in the fact

that in the Arrhenius plots of Figs. 24 and 25, the tempera ture dependence of

E is not taken into account——even though 
~~ 

is correlated with a/E(T) in

Figs. 26 and27. Lund and Ni~~~have show-n that in such a case, the activation

energy for creep, Q ,  is given by

dE
~c~~~~ a ’”~j 

x~~~
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where 
~a 

is defined (as before) as the apparent activation energy obtained

f r o m  an A r rh e n i u s  p lo t , n is the  normal ized  s t ress  exponent , R the gas

constant , T the absolute temperature , and dE/dT the temperature dependence

of Young ’s modulus . The value of dE/dT for most materials is negative ;

hence , 
~~ 

< 
~~~ 

The values of dE/dT were obtained f rom E—v - ’— T data  given

in Ref . 40 for bo th Ti
3

A 1 and Ti
3A1 + 10 Nb. Taking average stress exponen t

values  of 4 . 5  and 6 for  Ti
3
A1 and Ti

3
Al + 10 Nb , respectively (from Figs. 26

and 2 7 ) ,  the ave rage correct ion values [second term in Eq. ( 7 ) ]  for  the range

of c reep  t empera tu res  were calculated to be — — 1 . 6 5  ~ 10~~ J/tnole (—4 kca l/moie )

fo r  Ti
3

Al and - -2 .48 ~ l0~ J/mole (-6 kcal/mole)  fo r  TI 3A 1 + 10 N b .  These

values are small and , therefore , not significant.

The t empera tu re  compensation can now be achieved b y p l o t t i n g  in +

Qc~~
T as a function of ln(~ /E) for all data for Ti3Al from 650—800°C and

fo r  data  cor responding  to 700 and 800 ° C fo r  Ti 3A1 + 10 Nb . Th e 600 °C

data for Ti
3
A1 + 10 Nb canno t be included because of the lower activation

energy  shown in Fig. 24. The t empera tu re—compensa t ed  p lo t s  of Figs . 28 and 29

clearly show the change in creep mechanism at lower stresses.

Phenomenology of Steady—State Creep

The tempera ture and stress dependences of for bo th Ti
3
A1 and Ti3Al +

10 Nb indicate  that  fo r  the stress and tempera ture  range investigated , 
~~ 

can

be described by

(OlE) tm exp(_ Q
c /RT) (8)

Creep in Ti 3Al is characterized by an activation energy of .2 .06 ~ l0~ .3/mole

(50 kca i /mole )  a t  all stresses and temperatures . The stress exponent, n , has
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a value of 4.3—5 at stresses above — 138 MN/rn2 (20 ksi). At temperatures

2at  and above 750 C and at stresses below — 138 MN/ rn , the stress exponent

has a value of 2.3—2.5.

For T1
3
A1 + 10 Nb above 650°C , creep is characterized by an ac t ivat ion

energy of 2.85 x l0~ J/mole (69 kcal /rnole) .  Two distinct rate—controlling

creep mechanisns are indicated above 650°C——one mechanism having an n value

of 6.5 above 172.5 MN/rn 2 (25 ksi) stress and another having an n value of

2 .5  below a stress value of 172.5 MN/rn2. Below 650 ° C the creep is controlled

by yet another activated process having an activation energy of - 1.9 x l0~

J/mole (45 kcal/mole) and a stress exponent of 5.5.

Dislocation Substructures

Temperature Dependence of the Substructures

Ti~ 4~~. Figure 30 (a—c) contains b r igh t—f ie ld  tran srnis— ion electron

micrographs showing dislocation structures in specimens deformed at a s t ress

value of 276 MN / rn2 (40 ksi) and at temperatures of 600 , 700 , and 800° C ,

respective ly. The major dislocation activity involved <a>—type dislocations

on prism planes , and the common features observed were : segments of hexagonal

dislocation networks formed by interactions between <ã>—type dislocations and

lon g screw dislocations containing jogs and cusps. The interact ions between

dislocations increased with increasing temperature. The presence of jogs and

cusps on screw dislocations suggests that a diffusion creep process is active

In the temperature range studied.

In add ition to the ac tivity of <~~> dislocations, unusual dislocation

features were also observed in specimens deformed above 650°C. A detailed

75

~ 

— -- --- --.5- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -—— -.5-



______ .5.5 - 

210

fl20 ~~~~~~~ 2fl0

-I  
( a )

H -~~~~

r~
~~~~ 

2~~m

4

-

- 
( b )

- ~~

— V ~~

V 
( c )

1~. 
~~~~~~~~~~~~~~~~~~~~~~~

___  

I.5~~ m

Fi gure 30. Genera l  D i s l o ca t i o n  S t r u c t u r e s  in Creep Deformed Ti 3A 1.
(a) 600°C, 40 ksi; (b) 700°c, 40 ksi; (c) 800°C, 40 ksi.
Foil Norma l [0001.]

76



presentation and analysis of these features is included in another paper .
42

These features were : 1) non—<~ >.-type dislocations , and 2) stacking faults

with a <~~ ÷ ‘~~~~> displacement vector . The non—<~
>_ type dislocations have

been identified as [
~~

j dislocations .
42 

These [E] dislocations were found

to be high ly jogged , straigh t dislocations . The stacking faults were

analyzed and found to be intrinsic in nature, and the fault plane was found

to be (000l).
42 The <~~ + ½~> stacking faults may result from the dissociation

of the [~] dislocations.
43 

The presence of jogged [E] dislocations and the

stack ing fa ults again indica tes tha t a dif f usive process is operative during

creep . The movement of [~] dislocations is probab ly accompl ished by a cl imb
43process since their glide is not energetically favored.

Ti
3A1 + 10 Nb. Figure 31 (a) shows the creep substructure in specimens

deformed at 600°C. The substruc ture consisted of hexagonal networks formed

by <~ >— type superdislocations . The results of the Burgers—vector analys is

indicated that the hexagonal nets are formed by the following dislocation

reaction :

• 

~~ 
[2110] + -

~~

- [1210] - *-~~- [1ñ0].

Figure 31 (b) is a schematic diagram of this reaction. -

~~ 

<1010> ex tended

dislocations were also observed in this reaction . The presence of extended

dis locat ions  in Ti
3A1 + 10 Nb (and not in Ti

3
A1) indicated a lowering of

stacking—fault energy due to the addition of Nb in Ti
3
Al. However , the

tendency to form superdislocation networks was observed only in specimens

crept  at 600 °C and no t  at higher temperatures. The thermal fluctuations at

higher  temperatures (> 600° C) appear to aid in the movement of unit dislocations
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Figure 31. (a) Ti3AI + 10 wt% Nb Creep Deformed at 608CC, 45 ksi
(b) A Sketch of the Hexagonal Nets Formed <

~~> Superdislocations .
<1010> extended dislocations are also revealed.

(c) Dislocation Structures in Sample Creep Deformed at 750°C,
45 ksi
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without  the necessity for glide of either superdislocations or extended

dislocat ions. In another  s tudy  no extended d is loca t ions  were observed in

T13A1 ÷ 10 Nb specimens de formed in tension at 700°C.
35

The arrangement and distr ibution of <a> dislocations in Ti 3Al + 10 Nb

specimens deformed at temperatures higher than 700°C was similar to that in

T~ 3A1V~ namely , long screw dislocations with cusps and jogs and small segments

of hexagonal ne tworks , Fig. 31 (c). Non—<ã>— type dislocations , [~~1 dislocations

and <~~ + ½E>—type stacking fa ults were observed in higher dens ities in Ti 3Al

with Nb than in Ti 3A1. These features , al tho ugh no t labeled , are shown in

Fig. 32 . The higher density of the <~~ + ½E> stacking faul ts which for m by

the dissociat ion of [~
] dislocations is another indication that Nb additions

lower the stacking—fault energy of Ti3Al . The microstructural differences

between specimens creep deformed below and above 650°C correlate with the

activat ion—ene rgy differences. Creep below 650 °C had art apparen t activation

energy of 1.9 x l0~ J/mole, while tha t above 650°C was 2.85 x l0~ J/mole.

Stress Dependence of the Substructure

Both Ti3Al and Ti3A1 with Nb exhibited a change in creep mechanism with

V 
stress at temperatures above 700°C (Figs. 26 and27). A distinct difference

in creep microstructure was observed fo r  stresses above and below 138 and

172 MN /rn2 for Ti3A1 and Ti3Al + 10 Nb , respectively . Figure 33 shows the

low—stress creep substructure in T13A1. The substruc ture consisted of <~~>

dislocation sub—boundaries with very low dislocation densities within the

subgrains . Some small segments of <E + ~>— type dislocations were identified

within the subgrains. The low—stress substructure may be compared to the

high—stress substructure [Fig. 30 (b) and (c)J. The latter consisted of a

79

_ - .5- - .5—--



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V -4.

V .s
~

-
. -. -- olo

.5 - 

- 

T.1 
- 

•

‘1 ;‘:.
220 1

V 4

- 
- I _ _ _  

i:

Figure  32 .  S t a c k i n g  Faul t  in CrL- ~-p J ) eform ed Ti 3A1 + 10 wt ~~ Nb
(750°C, 45 ksi )

80

- - . 5    - -- .5---



- . 5 -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . 5—

4 
.

~~~~~~~~~~~~~~~ ‘ 

-

_ V~-V 
-V 

V 

~~~

~~~~~~~~
14

~~~~~~~~~~~~~~~~T 1

- - 
-

S 

I p.m

Figure 33. General Dislocation Substructure in
Creep—Deformed Ti

3
A1 (800°C, 20 ksi)

81

~

— .5 - V 
-~~~~~~~~~~~~~ - V - .5V~~~~ -V_ _~~~~~ _______



u-
~~~~~ J TT:J1T —

~~~ ~~ I--J 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V

high density of complex three—dimensional dislocation arrangements similar

44
to those exhibited by h igh—st reng th  aus teni t ic  steels .

The temperature and stress dependences of the steady—state creep rates

appear to correla te reasonably well with development of creep—deformation

microstructures in both Ti3A1 and Ti 3Al + 10 Nb. This indicates that

distinct diffus ion and/or dislocation mechanisms are rate controlling in

d i f f e r e n t  stress and temperature  regimes . However , it is d i f f i c u l t  to

ident i f y the particular creep mechanism which is operative ; this difficulty

stems pr imari ly  from the unavailability of d i f f usion da ta for  Ti3Al—base

in te rmeta l l ics .  At present the creep—activation energies cannot be compared

to those for diffusion. At high temperatures and stresses , activation energies

of 2.06 x 1o~ J/mole (50 kcal/mole) and 2.85 X l0~ .3/mole (69 kcal/mole) fo r

Ti 3A1 and Ti 3A1 + 10 Nb , respect ively,  and the s tress exponent values of 4 — 6

indicate that dislocation climb is the most probable rate—controlling process.

The change in mechanism indicated at low stresses may be , in fac t , a t rans i t ion

regime , and at very low stresses and high temperaturec grain—boundary sl iding

may be the rate—controlling mechanism.

V CONCLUSIONS

The creep activation energy for Ti
3
Al was found to be 2.06 x l0~ J/mole

(50 kcal/mole) for the stress and temperature range investigated. Addition

of Nb increased the activation energy to a value of 2.85 x ~~~ .3/mole (69 kcal/

mole) for creep above 650°C and decreased it to a value of 1.9 X l0~ J/mole

(45 kcal/mole) for creep below 650°C.

The stress exponent for both intermetallics was found to be stress

dependent at high temperatures. For Ti
3
A1, the stress exponent had a value
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flr.~
of 4.3—5 above 138 MN/rn 2 (20 ksi) and 2.3—2.5 below 138 MN/rn2, while f or

TI
3
AIV + 10 Nb the stress exponent had a value of 6.5 above 172.5 MN/rn2

(25 ksi) and 2.5 below 172.5 MN/rn2. At low temperatures the stress

exponent was found to be independent of stress fo r  both mater ia ls , having

values of 4.3—5 and 6.5 for Ti3Al and Ti3Al + 10 Nb , respec tively .

The development of creep—dislocation microstriictures correlated well

with d i f f e r e n t  creep regimes , as charac terized by dif f e ren t stress and

temperature dependences of the steady—s tate creep rates . However , due to

nonavailability of diffusion data at present, it was not possible to identify

the rate controlling creep mechanisms in these internietallics .
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